Patients with primary gastric lymphoma (PGL) are often treated with three-dimensional conformal radiotherapy (3D-CRT) in three to four fields to reduce the dose to the left kidney. However, the liver dose is higher than conventional parallel-opposed fields. This study was designed to evaluate hepatic dysfunction after 3D-CRT in patients with PGL. The data of 20 PGL patients treated with 3D-CRT were analyzed. Of the 20 patients, 3 had mucosa-associated lymphoid tissue (MALT) lymphoma and 17 had diffuse large B-cell lymphoma (DLBCL). The median dose used to treat MALT lymphoma was 30 Gy and 40 Gy for DLBCL. Pretreatment and post-treatment transaminase and alkaline phosphatase (ALP) values were compared. Radiation-induced hepatic dysfunction (RIHD) was defined as a more than 2-fold increase in transaminase or ALP levels, exceeding the upper limit within 4 months of the completion of radiotherapy. Increased transaminase or ALP levels were observed in 19 patients (95%). RIHD was observed in 14 patients (70%). The transaminase and ALP values were significantly different between pretreatment and post-treatment. There were significant differences in liver volumes receiving ≥5, ≥10, ≥15 and ≥20 Gy (V5, V10, V15 and V20) and in the mean liver doses between patients with and without RIHD. For patients with V10 > 60%, V15 > 50% or V20 > 30% in particular, the incidence rates of RIHD were significantly high. After radiotherapy for PGL, hepatic dysfunction occurred at a high rate. Thus, radiotherapy treatment should be planned in order to reduce liver doses.
INTRODUCTION
In the past, primary gastric lymphoma (PGL) has been treated with surgery [1, 2] . Recently, radiotherapy with or without chemotherapy has been recommended as an alternative treatment method to radical gastrectomy in an attempt to preserve the stomach. Most patients with gastric lymphoma have mucosa-associated lymphoid tissue (MALT) lymphoma or diffuse large B-cell lymphoma (DLBCL) [3] . In gastric MALT lymphoma associated with Helicobacter pylori, eradicative antibiotic therapy results in a 55% to 80% complete regression [4] [5] [6] . Patients without evidence of H. pylori infection or with persistent lymphoma after eradicative antibiotic therapy are candidates for radiotherapy. Although the optimal treatment of localized gastric DLBCL remains controversial, stomach-preserving treatment with chemotherapy followed by radiotherapy is often applied.
Currently, three-dimensional conformal radiotherapy (3D-CRT) is a common method used in radiotherapy treatment. Many patients with PGL are treated in three to four fields in order to reduce the dose to the left kidney. This results in an increase of the liver dose compared to conventional anterior-posterior/posterior-anterior (AP/PA) parallelopposed fields [7] .
Radiation-induced liver disease (RILD) has been reported to be one of the most important complications in patients who undergo abdominal radiotherapy. RILD occurs within 4 months after the completion of irradiation and manifests as either anicteric elevation of alkaline phosphatase (ALP) level of at least 2-fold and non-malignant ascites (classic RILD), or elevated transaminases of at least 5-fold the upper limit of normal or of pretreatment level (non-classic RILD), in the absence of documented progressive disease [8] [9] [10] [11] . In radiotherapy treatment for PGL, it has been speculated that the incidence of RILD is not high because the dose to the liver is low. However, irradiated patients with PGL often develop hepatic dysfunction. Many authors have described dose restrictions for liver [9] [10] [11] [12] . These results were obtained from chronic hepatitis patient data. Dose restrictions to healthy liver are not obvious.
The purpose of this study was to analyze hepatic dysfunction after radiotherapy in patients with PGL and to determine the relationship of hepatic dysfunction to liver dose.
MATERIALS AND METHODS

Patient characteristics
Between August 2004 and May 2011, 30 patients with PGL received radiotherapy at our institution. Nine were excluded from this study because of the short follow-up period (<4 months). In addition, 1 was excluded because his pretreatment transaminase levels were slightly high. The remaining 20 patients were enrolled in this retrospective study. None of the patients had hepatic disorders, such as chronic hepatitis; 10 patients were male, and 10 patients were female. The median age was 65 ranging from 43 to 81. Of the 20 patients, 3 (15%) had MALT lymphoma, and 17 (85%) had DLBCL. Two of the 3 patients with MALT lymphoma had the chromosomal translocation t(11;18) (q21;q21) and were resistant to antibiotic therapy. H. pylori was negative for the remaining patient.
Treatment plan
The median dose given to the patients with MALT lymphoma was 30 Gy (range, 30-36 Gy). All patients with DLBCL received three to six cycles of chemotherapy followed by radiotherapy. The chemotherapy consisted of rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone. The median dose given to the patients with DLBCL was 40 Gy (range, 36-41.4 Gy). The fraction size ranged from 1.8 to 2 Gy (median, 2 Gy). The clinical target volume (CTV) was the entire stomach. The planning target volume was defined as the CTV plus an approximate 2-cm margin in all directions. A total of 18 patients (90%) were treated with four fields and 2 patients (10%) were treated with 3 fields. A representative example of the treatment plan is presented ( Fig. 1 ).
Evaluation of hepatic dysfunction
None of the patients exhibited increased levels of transaminase or ALP in the pretreatment blood test. The pretreatment blood test was examined 0-10 days before the start of radiotherapy (median, 1 day). Patients had blood tests 2 weeks, 1 month, 2 months, 3 months and 4 months after radiotherapy in order to evaluate transaminase and ALP levels. Cases where transaminase or ALP levels exceed the normal upper limits slightly after irradiation are not of clinical significance. Cases where transaminase or ALP levels elevate more than double pretreatment values and exceed normal limits after irradiation are also not of clinical significance if the pretreatment values were low. Therefore, radiation-induced hepatic dysfunction (RIHD) was defined as a more than 2-fold increase of transaminase or ALP levels exceeding the upper limits within 4 months after the completion of radiotherapy.
A dose-volume histogram (DVH) was generated from every treatment plan. The percentages of liver volumes receiving at least 5 Gy, 10 Gy, 15 Gy, 20 Gy, 25 Gy and 30 Gy (V5, V10, V15, V20, V25 and V25, respectively) and the mean dose to the liver were calculated.
Wilcoxon signed-rank tests were used to compare the transaminase and ALP values between pretreatment and post-treatment. Patients were classified into two groups according to the presence of RIHD. The liver doses of these two groups were assessed with Mann-Whitney U test. Bivariate analyses of the association between liver dose and RIHD were performed with Fisher's exact probability tests. Ages of patients with RIHD and without RIHD were compared using Mann-Whitney U test. Associations between RIHD and sex or the presence of chemotherapy were analyzed with Fisher's exact probability tests. A P value <0.05 was considered to indicate a significant difference.
RESULTS
The median follow-up time was 32 months (range, 6-79 months). No relapses were observed during the follow-up period.
Radiation-induced hepatic dysfunction
Increased levels of transaminase were observed in 14 patients (70%), increased levels of ALP were observed in 14 patients (70%), and increased levels of transaminase or ALP were observed in 19 patients (95%). Maximum values of transaminase and ALP were observed, on average, 1.9 months and 2.4 months, respectively, after radiotherapy completion. The transaminase and ALP values between pretreatment and post-treatment were significantly different (Figs. 2-4) .
A more than 2-fold increase in the levels of transaminase was observed in 14 patients (70%); ALP in 8 patients (40%); and transaminase or ALP in 16 patients (80%). A more than 2-fold increase and exceeding the upper normal limits in transaminase was observed in 12 patients (60%), in ALP was observed in 7 patients (35%), and in transaminase or ALP, indicating RIHD, was observed in 14 patients (70%).
All of the 14 patients with transaminase abnormalities had improved by 2-50 months (median, 5.5 months). Of the 14 patients with ALP abnormalities, 8 patients (57%) had improved by 3-21 months (median, 10.5 months). In the remaining 6 patients (43%), abnormal ALP levels continued within the follow-up period.
There was no statistically significant difference between the ages of patients with RIHD and without RIHD. There was no statistically significant relationship between RIHD and sex or the presence of chemotherapy.
Liver dose and hepatic dysfunction
There were significant differences in V5, V10, V15, V20 and the mean dose to liver between patients with RIHD and patients without RIHD (Table 1) . For patients with V10 > 60%, V15 > 50%, or V20 > 30% in particular, the incidence rates of RIHD were significantly increased (Fisher's exact probability test, all P values < 0.05) (Table 2-4). There were no significance differences in liver dose between patients in whom the increased ALP levels had not improved and other patients.
DISCUSSION
In the past, PGL has been treated with surgery, consisting of partial or total gastrectomy [1, 2] . Recently, radiotherapy with or without chemotherapy has been recommended as an alternative treatment method to radical gastrectomy in an attempt to preserve the stomach.
DLBCL and MALT lymphoma account for about 60% and 38%, respectively, of PGL [3] . Other histologic subtypes are rare. About 70% to 90% of patients with MALT lymphoma present with localized disease [13, 14] . Gastric MALT lymphoma develops in response to stimuli such as the presence of H. pylori. In gastric MALT lymphoma associated with H. pylori, eradicative antibiotic therapy results in 55-80% complete regression [4] [5] [6] . Tumors with the chromosomal translocation t(11;18)(q21;q21) in patients with gastric MALT lymphoma are usually resistant to antibiotic therapy [15, 16] . Radiotherapy is applied to patients with persistent or progressive gastric MALT lymphoma after H. pylori eradication. Radiotherapy for localized gastric MALT lymphoma resulted in a 96-100% complete regression (CR) [17, 18] . Although the optimal treatment of localized gastric DLBCL still remains controversial, stomach-preserving treatment with chemotherapy followed by radiotherapy is often applied. Ishikura et al. reported that the complete response rate, the 2-year progression-free survival rate, and the 2-year overall survival (OS) rate were 92%, 88% and 94%, respectively [19] . Koch et al. reported that the event-free survival and OS rates at 42 months were 84.5% and 87.0%, respectively [3] .
Renal toxicity is an important complication of radiotherapy for the treatment of PGL [20] . Radiotherapy with AP/ PA parallel-opposed fields raises the risk of radiation nephropathy and hypertension. Currently, 3D-conformal radiotherapy (3D-CRT) is the most common method used in radiotherapy treatment. Patients with PGL are often treated with a 3-to 4-field treatment plan in order to reduce the dose to the left kidney. This results in an increase in the liver dose compared to that in AP/PA parallel-opposed [7] . RILD has been reported to be one of the most important complications for patients who undergo abdominal radiotherapy. The pathologic changes in liver after radiotherapy have been estimated as follows [21] . First, fibrin deposits in the central veins and in the afferent sinusoids. Transforming growth factor β stimulates fibroblasts that migrate to this site, proliferate and produce collagen. Then deposition of collagen causes congestion of the sinusoids in the central portion of the lobules with atrophy of the inner portion of the liver plates. In most cases the liver gradually heals and shows little congestion. However, distortion of the lobular architecture often remains. The degree of healing and the presence of RILD varies depending on the case.
Many authors have reported dose restrictions for the liver. Cheng et al. reported that the frequency of RILD among patients who received a mean dose greater than 28 Gy to the liver was greater than that among patients who received a mean dose less than 28 Gy [9] . Liang et al. reported that a mean dose to the liver of 23 Gy was the tolerance dose for Child-Pugh Grade A patients [10] . Those authors also reported that a V20 of 48.5% was a liver tolerance dose [11] . Kim et al. reported that a V30 of 60% was a significant parameter associated with a risk of Common Terminology Criteria for Adverse Events, Grade 2, hepatic toxicity [12] . These results were obtained from data from patients with chronic hepatitis. Dose restrictions for healthy liver are not known.
None of the patients enrolled in the present study had hepatic diseases such as chronic hepatitis or hepatic dysfunction, according to their pretreatment blood tests. The prescription dose was relatively low at about 30 to 40 Gy, and radiotherapy did not target the liver itself. However, the maximum transaminase and ALP levels exceeded the upper normal limit with the high rate of 95%, and 70% of the patients developed RIHD. Furthermore, 1 developed non-classic RILD. There were significant differences in V5, V10, V15 and V20 between patients with RIHD and those without RIHD. Especially for patients with V10 > 60%, V15 > 50% or V20 > 30%, the incidence rates of RIHD were significantly higher. Further study is necessary in order to discuss dose restrictions for liver because of the small number of cases in the current study. However, kidney doses and liver doses should be as low as possible.
Of the 14 patients with ALP levels that were over the upper normal limits, abnormal ALP levels continued within the follow-up period in 43% of the patients. If a patient has other disease unrelated to PGL after radiotherapy, hepatic dysfunction and its prolongation might disturb their treatment. This risk seems to be relatively high because of the good prognosis associated with PGL.
Watchful observation is needed after radiotherapy treatment for PGL, keeping in mind that hepatic dysfunction occurs at a high rate after irradiation. Radiotherapy treatment should be planned in order to reduce liver doses, and dose restrictions for healthy liver should be further evaluated.
